Anticipating Non-Resonant New Physics in Dilepton Angular Spectra at the
  LHC by Raj, Nirmal
Anticipating Non-Resonant New Physics in Dilepton Angular Spectra at the LHC
Nirmal Raj
Department of Physics, University of Notre Dame,
225 Nieuwland Hall, Notre Dame, Indiana 46556, USA
At the LHC, dileptonic events may turn up new physics interacting with quarks and leptons.
The poster child for this scenario is a resonant Z′, much anticipated in `+`− invariant mass spectra.
However, angular spectra of dileptons may play an equal or stronger role in discovering non-resonant
species. This paper avails of their LHC measurements to corner the couplings and masses of lep-
toquarks (LQs), that can mediate qq¯ → `+`− in the t-channel and dramatically alter Standard
Model angular spectra. Also derived are constraints from alterations to m`` distributions. These
dilepton probes, exploiting the high rates and small uncertainties of the Drell-Yan process, rival
or outdo dedicated LHC searches for LQs in single and pair production modes. The couplings of
LQs with electronic interactions are best bound today by low-energy measurements of atomic parity
violation, but can be probed better by `+`− measurements in the high luminosity runs of the LHC,
with the angular spectra leading the way. This work also advocates the experimental presentation
of boost-invariant angular asymmetries that vanish in the SM.
I. INTRODUCTION
The LHC has commenced Run 2, driving the energy
frontier onward. Leading this frontier is dilepton produc-
tion, a channel that has fetched particle physics historic
triumphs. This success may be imputed to its clean-
ness: dileptons are more precisely reconstructed than
most other final states (such as jets + X), are easily trig-
gerable, and have backgrounds so well understood and
high in rates as to minimize theoretical and statistical
uncertainties. The principle behind discoveries in this
channel is simple at its core: amplitudes with new states
mediating the process add themselves to background am-
plitudes; the patterns in which dilepton events are dis-
tributed in phase space are altered; in these new patterns
we distinguish signal features. The Standard Model (SM)
provides a classic example of this phenomenon in the neu-
tral current Drell-Yan (DY) process. The amplitude in-
volving an s-channel Z boson supplies its own contribu-
tion to the cross-section, as well as interfering with the
photon-mediated amplitude. The net effect spectacularly
modifies `+`− distributions. In the dilepton invariant
mass (m``) spectrum, it produces an unmistakable peak
in the form of a Breit-Wigner resonance. In the angular
spectrum, it produces a left-right or forward-backward
asymmetry due to its chiral couplings with SM fermions.
Hunting for a new particle in this channel is an impor-
tant programme at the LHC. The usual sequence of ideas
that dominates our thought concerning it is as follows
(see [1–3]). First we look for a Breit-Wigner/Jacobian
peak in the invariant/transverse mass spectrum of the
neutral/charged current DY process. Its location then
gives a clear picture of the particle’s mass; its width,
if resolvable, may reveal the decay rate. Once discov-
ered this way, more information such as spin and chiral
couplings can be extracted from the angular spectrum.
These properties may sift out the ultraviolet physics that
gave rise to the resonance.
This sequence, however, in attaching more prominence
to the kinematic than angular spectrum, can be prob-
lematic for two reasons:
1, in general, there is no guarantee that kinematic spec-
tra will precede angular spectra as harbingers of new
physics1. In fact, the sequence in which the Z boson
came to our colliders was quite the reverse! In e+e− col-
lisions at 30 GeV . √s . 40 GeV, the PETRA exper-
iment first found a non-zero dimuon forward-backward
asymmetry (AFB) due to weak-electromagnetic interfer-
ence. From these measurements was derived a bound:
MZ ≤ 100 GeV. Only years later did the Super Proton
Synchrotron (SPS), in p-p¯ collisions, achieve the ener-
gies required to produce the Z on-shell and announce a
resonant peak. (The SPS had by then already discov-
ered the W in this fashion.) Post-discovery, its spin and
chirality properties were disentangled with greater preci-
sion. The past decade too has seen instances of tantaliz-
ing hints in angular distributions. The (in)famous excess
in the t-t¯ forward-backward asymmetry at the Tevatron
[5, 6] inspired a model-building flurry, put to rest at the
LHC by the measurement of the charge asymmetry [7, 8].
More recently, physicists at MTA Atomki have observed
a bump in the spectrum of opening angles in the e+e−
decay mode of an excited Be-8 state [9], catching the
attention of model-builders.
2, if new physics is non-resonant, such as when the
mediation is not s-channel, no clear peak in kinematic
spectra is produced from which information on mass can
be determined. In that case, we have no clear guide as
to where to anticipate signals, or with what sensitivity.
Very likely, one may need both kinematic and angular
spectra to extract all at once the mass, spin and coupling
properties. Could the first signals arrive in the `+`−
angular distributions?
The main purpose of this work is to demonstrate, with
an explicit model, that they indeed could. In this work,
the exotic of choice is the leptoquark (LQ). An LQ carries
1 See, e.g., [4].
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both colour and lepton number, and can be exchanged in
the t-channel of the DY process qq¯ → `+`−. This has a
significant effect on the process. Due to the addition of a
new mode, there is of course a non-trivial modification to
production rates. Less obvious is the effect on production
angles. In general, the angular spectrum is picked by
the Wigner d functions. Their application to s-channel
exchange is straightforward. When a spin-1 Z (or Z ′)
mediates in the s-channel, we have
dσ
dΩ
∝ (1 + cos2 θ) + a cos θ, (1)
where θ is the angle between the outgoing lepton and
incoming quark in the centre-of-momentum frame. As
known well, parity violations then leave their imprint in
the angular spectrum by making a 6= 0, consequently
measured as a left-right or forward-backward asymmetry.
In contrast, a spin-0 state exchanged in the s-channel
leaves the spectrum flat: the events are isotropic.
The case of t-channel exchange is subtler. To begin
with, we know that a spin-1 exchange process will always
produce anisotropic events. We have seen this in the t-
channel piece of Bhabha scattering:
dσ
dΩ
∝ 1 + cos
4(θ/2)
sin4(θ/2)
. (2)
In the case of spin-0 t-channel exchange, the events are
isotropic only if the mediator is massless. This is at vari-
ance with spin-0 s-channel exchange, where isotropy is
guaranteed regardless of mediator mass. With a non-
zero mass m¯t, the t-channel angular spectrum is
dσ
dΩ
∝ sin
4(θ/2)
(s sin2(θ/2) + m¯2t )
2
, (3)
producing anisotropic events. This paper deals with mas-
sive scalar leptoquarks, with a dilepton angular distribu-
tion dictated by Eq. 3, which is qualitatively different
from the SM distribution in Eq. 1. Due to interference
with the SM process, the full angular spectrum will be
some combination of Eqs. 1 and 3.
LQs interacting with first generation quarks are con-
strained by direct searches at the LHC in processes of pair
production [10, 11] and single production [12]. I will show
in this paper that measurements of m`` and the angular
dependence (specifically, AFB) of pp → `+`−, by virtue
of their cleanness, provide competitive or stronger lim-
its than these dedicated searches. In the case of an LQ
coupling to electrons, precision low-energy experiments
measuring atomic parity violation provide more stringent
constraints than pp → `+`− measurements. However, I
will show that with the projected high luminosities of the
future LHC, the dilepton probes could achieve enough
precision to overtake these experiments, with the angu-
lar spectrum measurement marking the trail.
Aspects of this work have appeared in the literature.
The use of AFB was briefly explored in [13] to probe a
200 GeV-heavy scalar LQ at the Tevatron. Signals of
vector LQs in the τ+τ− charge asymmetry are shown for
the LHC at 14 TeV in [14]. In [15], a sensitivity study
for the 13 TeV LHC is performed regarding the use of
AFB as the discovery mode of a Z
′. More discussion on
this study is relegated to Sec. VI. Ref. [60] estimates the
couplings of a Z ′ boson using LHC Run 1 measurements
of the AFB. Ref. [17] investigates threshold effects from
loop processes involving a dark sector that give rise to
unique features in dilepton spectra, which can constrain
dark matter masses and couplings. The sizable impact on
`+`− angular spectra was mentioned, but no limits were
set. Angular spectra of jets and top quarks, limited as
they are by larger uncertainties than `+`−, may nonethe-
less usher in new physics: Ref. [18] studies a 3 TeV-heavy
Z ′ boson discoverable in t-t¯ angular asymmetries.
In [19], LQs were bounded with e+e− and µ+µ− mass
spectra at the LHC. This analysis was performed using
Poisson statistics in high m`` bins where no events were
observed and the expected SM background was low2. An-
gular distributions were not considered. One avenue to
probe hidden sectors that are not necessarily resonant is
to characterize their mediation as contact operators; AT-
LAS has set bounds on their size using both m`` spectra
and AFB [20]. Ref. [21] recast these bounds at
√
s = 7
TeV to constrain LQs. The LQ species here differs from
the ones used in [19] (and this work). Nevertheless, the
authors claim that their bounds are about 25% weaker
than those set by [19]. Ref. [21] also makes the important
clarification that it is not possible to recast the ATLAS
bounds for LQ species giving rise to multiple operators.
In [22], a general parametrization capturing the combina-
tion of all quark-lepton contact operators was presented.
It was shown how, with the help of this parametrization,
an AFB measurement at
√
s = 14 TeV could identify var-
ious operator combinations. Operator analyses such as
[20–22] neglect, by construction, the momentum depen-
dence in the LQ propagator; in contrast, this work ac-
counts for the full propagator of LQ-mediated processes.
The m`` spectrum may be sensitive to renormalization
group (RG) running of electroweak (EW) couplings [23–
25] and EW precision test parameters [26]. Effects of
t-channel mediation are explored in [27–29].
This paper is set up as follows. Sec. II reviews LQs,
selects models for study and introduces some useful ter-
minology. Sec. III discusses in detail how LHC measure-
ments of dileptonic m`` spectra and AFB can be used to
set limits on LQs. Using LQs for illustration, it also pro-
motes the depiction of angular spectra with the centre-
edge asymmetry, a boost-invariant observable that could
vanish in the SM. Sec. IV briefly reviews conventional
probes of LQs, consigning to an appendix the elabora-
tion of methods used to recast observed bounds. Sec. V
2 I would like to thank Yue Zhang for sharing this information in
private correspondence.
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FIG. 1. Feynman diagrams that contribute to the Drell-Yan process at tree level. The t-channel leptoquark exchange amplitude
on the right modifies dilepton production by the Standard Model s-channel Z/γ∗ exchange amplitude on the left. These
modifications, trackable in `+`− kinematic and angular spectra, are powerful indirect signals of leptoquarks at the LHC.
presents the results of the previous two sections and fore-
casts the sensitivity of dilepton probes to LQs at future
LHC runs. Sec. VI summarizes the paper, and discusses
its scope and related future work.
II. LEPTOQUARK MODELS
Leptoquarks (LQs) are exotic particles having both
baryon and lepton number, carrying such quantum num-
bers and spins as to mediate interactions between quarks
and leptons through a renormalizable vertex, schemati-
cally given by
L ⊃ (lepton)(LQ)(quark).
For a comprehensive review, see [30].
LQs are an ill-studied breed in the trade, for their in-
ability to pose as ready solutions to current problems.
Nonetheless, the case made for their existence is this:
(i) They appear as infrared remnants of grand unified
theories [31, 32].
(ii) They may be the mediators of dark matter-SM
interactions [33].
(iii) They feature in some technicolour and composite
models [34–36].
(iv) They appear in R-parity violating versions of su-
persymmetry [37].
(v) They may explain a number of anomalies in low-
energy flavour experiments [30].
(vi) If one looks in colliders for new physics at the
TeV scale that is in discoverable form, the corresponding
beyond-the-SM particles are likely to have renormaliz-
able interactions with at least one SM fermion. Among
scalars, the possibilities are: colour singlets or octets
with Higgs-like EW charges, mediators of singlet fermion-
SM fermion interactions (such as sfermions), “diquarks”,
“dileptons” and lastly, leptoquarks [38].
This work is entirely in line with the last of these mo-
tivations.
Depending on their gauge charges and Lorentz struc-
ture, several species of LQs are possible. These models
are enumerated in [30]. In this work I will confine myself
to scalar LQs. A brief discussion of vector LQs is given
in Sec. VI.
There are four scalar LQ species that violate baryon
number and two that do not. To avoid dealing with con-
straints from rapid proton decays, I will only treat the
latter two. In the notation of [30], these are R2(3,2, 7/6)
and R˜2(3,2, 1/6), where the quantities in parantheses de-
note the SU(3)c ⊗ SU(2)W ⊗ U(1)Y quantum numbers.
The Lagrangian involving the first of these is given by3
L = −yij u¯R,iRa2abLbL,j + y′ij e¯R,iRa2∗QaL,j + h.c.
In the mass basis, this becomes
L = (yVPMNS)ij u¯R,iνL,jR2/32 − yij u¯R,ieL,jR5/32
+ y′ij e¯R,idL,jR
2/3
2
∗
+ (y′V †CKM)ij e¯R,iuL,jR
5/3
2
∗
+ h.c.
(4)
The indices i and j run over fermion families. In order
to make direct comparisons to results in the literature,
I now choose a flavour structure that is in vogue. Fol-
lowing [19], I set y′ij = 0 and consider two possibilities
for the matrix yij : the up quark is invited to couple ei-
ther to the electron family or the muon family, i.e., ei-
ther yij = yueδi1δj1, or yij = yuµδi1δj2. One virtue of
this choice is that a vanishing y′ij allows one to separate
the LQ’s couplings to up-type quarks from down-type,
3 Also present are quartic terms involving the Higgs field,
λ|H|2|LQ|2, and QCD interactions. These may modify SM pro-
duction rates and branching ratios of the Higgs boson through
loops and confront limits from the corresponding LHC measure-
ments [30]. These limits do not affect the phenomenology of this
work. The Higgs-LQ quartic term introduces another constraint.
As the LQ species here are SU(2)W doublets, this term induces a
mass splitting between their components through EW symmetry
breaking, ∆m = −λv2/mLQ. This results in new contributions
to the oblique parameters S and T , constrained by precision EW
data. The 95% C.L. bound on the splitting for ∆m  mLQ is
∆m ≤ 53 GeV [30], which is viable at small λ and/or high mLQ.
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simplifying their treatment. Another important virtue
will be seen in Sec. V. When an LQ mediates valence
quark-electron interactions, the low-energy measurement
of atomic parity violation (APV) easily outconstrains
LHC searches, rendering them redundant. However, the
LHC lamppost provides the best limits on LQs mediating
valence quark-muon interactions since no APV measure-
ment on muonic systems has been performed as of now.
LQ couplings to other second and third quark genera-
tions are not considered here since the DY process at a
p-p collider, the focus of this paper, proceeds effectively
through valence quarks. Couplings to the tau lepton are
also not considered.
The interactions of the second LQ species are given by
L = −yij d¯R,iR˜a2abLbL,j + h.c.
= −yij d¯R,ieL,jR˜2/32 + (yVPMNS)ij d¯R,iνL,jR˜−1/32 + h.c.
(5)
In the second line, I have rewritten the first line in
the mass basis. I choose now a flavour structure similar
to the one just discussed: the down quark is made to
communicate exclusively to either the electron family or
the muon family. Thus, either yij = ydeδi1δj1, or yij =
ydµδi1δj2.
Some notes are in order re the Yukawa coupling struc-
tures imposed in Eqs. 4 and 5. First, one presumes
that these structures are imposed at some high scale by
strange symmetries in the diagonal basis of SM Yukawa
couplings. In that case, RG running may introduce non-
zero off-diagonal elements in all these matrices. When
diagonalized to the fermion mass basis, one may wonder
if unacceptably large flavour-changing neutral currents
(FCNCs) are induced. However, there is little cause for
such worry: it was shown in [19] that, even if these cou-
pling structures are set at a scale as high as MPlanck, the
models are safe from FCNC constraints. This is due to
suppression from down-type SM Yukawa strengths and
loop factors that appear in the RG running.
Second, in both Eqs. 4 and 5, the choice of our cou-
pling matrices gives LQs mediating quark-neutrino in-
teractions. These interactions will be irrelevant to the
phenomenological focus of this work, since AFB measure-
ments were performed at the LHC only in charged lep-
ton final states. See also [19], where it was shown that
constraints from neutrino experiments are weaker than
those from charged dilepton production in coupling-mass
space. This work will not be concerned with LQ-neutrino
interactions.
In all, I have described four types of leptoquarks
above, mediating interactions between four distinct
quark-lepton combinations. I would like to distinguish
among these with a terminology that clarifies exactly
which lepton-quark combination is at play. Thus I will
refer to the two R
5/3
2 LQs as ElectroUp and MuoUp,
and to the two R˜
2/3
2 LQs as ElectroDown and MuoDown.
On occasion, I will also use terms such as MuoQuark,
LeptoDown, etc. to collectively denote the LQs that in-
teract with the named lepton or quark. Additionally, I
will use the symbol “yq`” when I discuss the LQ Yukawa
coupling in a generic manner.
III. DILEPTON PROBES
This section describes the effect of LQs on dilepton
events at the LHC. It begins with the m`` distribu-
tion, which may be more familiar to the reader. Next
addressed, in three sub-sections, are angular spectra.
First described is the forward-backward asymmetry in
the Collins-Soper reference frame. Next discussed are sig-
nals visible in asymmetries built from frame-independent
quantities. Finally discussed, briefly, is the ATLAS mea-
surement of angular distributions in the Collins-Soper
frame.
This section also details how LHC dilepton measure-
ments can be recast to restrict LQ parameters.
III.1. m`` distributions
Let me begin with an overview of the effect that t-
channel LQ mediation has on the m`` spectrum. De-
noting by θ the angle between the incoming quark and
the outgoing lepton in the centre-of-momentum frame,
and taking quarks and leptons massless, the parton level
differential cross-section for the process qq¯ → `+`− at
leading order (LO) is given by
dσtot ≡ dσtot
dcθ
= dσSM + dσint + dσLQ , (6)
with
dσSM =
1
32pim2``Nc
∑
spins
|MSM|2 ,
dσint = − 1
32pim2``Nc
∑
spins
2Re(MSMM∗LQ) ,
dσLQ =
1
32pim2``Nc
∑
spins
|MLQ|2 , (7)
where NC = 3 is the number of QCD colours,MSM =
Mγ +MZ is the SM amplitude corresponding to the
Feynman diagram on the left of Fig. 1 and MLQ is the
amplitude for the LQ-mediated diagram on the right of
Fig. 1. The latter are given by
Mγ = iQqe2[v¯(pq¯)γµu(pq)]−gµν
m2``
[u¯(p`−)γ
νv(p`+)] ,
MZ = i[v¯(pq¯)γµ(gqLPL + gqRPR)u(pq)]
−gµν
m2`` −M2Z − iΓZMZ
[u¯(p`−)γ
ν(gqLPL + g
q
RPR)v(p`+)] ,
MLQ = iy2q`[v¯(pq¯)PRv(p`+)]
1
tˆ−m2LQ
[u¯(p`−)PLu(pq)] . (8)
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FIG. 2. Effect of leptoquarks on dielectron production spectra, depicted at the partonic level. An ElectroUp is chosen for
illustration. As a function of m``, the top left plot shows the production cross-section and the top right plot the parton level
forward-backward asymmetry defined in Eq. 11. The bottom plots show the normalized angular distributions at m`` = 500
GeV and 1500 GeV. Here the blue curves are obtained from the Z/γ∗-mediated diagrams in Fig. 1 with an up quark-antiquark
initial state. The solid curves show deviations from the SM spectrum as mLQ is kept fixed at 1 TeV and the LQ Yukawa yue
is varied, with {red, black, green}: {0.4, 1, 1.6}. The black curves show deviations as yue is fixed at 1 and mLQ is varied, with
{dotted, solid, dashed}: {400, 1000, 1600} GeV. More details are described in the text.
Here e is the electromagnetic coupling, Qq is the quark
electric charge, ΓZ and MZ respectively the decay width
and mass of the Z boson, with couplings to the fermions f
given by gf = (e/ cos θW sin θW )(T
f
3 −Qf sin2 θW ). The
minus sign in the interference term in Eq. 7 comes from
the relative ordering of external spinors seen in Eq. 8.
It is not immediately obvious whetherMLQ interferes
with MSM constructively or destructively, a question to
which I will return shortly. What is clear is that if con-
structive interference transpires, `+`− production rates
increase with yq`. Moreover, at m``  mLQ, one expects
the total dilepton cross-section dσtot to be offset from the
SM cross-section dσSM by a more-or-less constant factor:
in this region the LQ plays a massless mediator contribut-
ing an extra channel to the rate of `+`− production4.
These traits are seen in the plot on the left-hand side of
Fig. 2, where I have illustrated them using an ElectroUp
with various masses and couplings. These curves denote
dσtot integrated over cos θ. The blue curve corresponds
to yue = 0, viz., dσtot → dσSM. The solid curves demon-
strate the effect of LQ mediation when mLQ is fixed and
yue is varied. Here I keep mLQ = 1 TeV, and denote
by the red, black and green curves yue = 0.4, 1 and 1.6
respectively. The rates patently rise with the coupling.
The black curves show how the effect changes with mLQ
keeping yq` fixed. At yue = 1, the dotted, solid and
4 Contrast this with [21], where the region under consideration is
m``  mLQ so that the amplitude MLQ can be written as a
contact interaction.
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FIG. 3. Contours of the ratio dσtot/dσSM in the ElectroUp (left) and ElectroDown models (right) at m`` = 1500 GeV. Regions
where the ratio > 1 (< 1) are shaded blue (red). This illustrates that destructive interference between SM and leptoquark-
mediated Drell-Yan production (i.e., between the diagrams in Fig. 1) is possible for LeptoDowns. Since the up quark is denser
in protons than the down quark, the dip in hadronic level cross-sections is more subdued than at the partonic level. See text
for more details.
dashed curves represent mLQ = 400, 1000 and 1600 GeV
respectively. After rising across m``, the dotted curve
flattens to a value that is at a constant offset from the
blue curve. All three black curves are seen to asymptote
to this value.
Are there destructive interferences? Among the LQ
models considered here, it is possible to have them
when the mediation is provided by a LeptoDown, while
LeptoUps always interfere constructively with the SM
DY process. This is because of electric charge, as seen in
Eq. 8. In Fig. 3, this effect is illustrated with contours of
the ratio r ≡ dσtotal/dσSM in the yue-mLQ plane, using
the ElectroUp and ElectroDown models as examples.
The blue (red) regions correspond to r > 1 (r < 1).
The ElectroUp always gives r > 1. The LeptoUp gives
r < 1 when yde is small and/or mLQ is high, which is the
region where LQ-SM interference (dσint) dominates the
cross-section. As yde is increased and mLQ lowered, the
LQ-LQ contribution (dσLQ) dominates to make r > 1.
The effect of the LeptoUp’s destructive interference will
be less dramatic at hadronic level cross-sections, due to
the smaller down quark densities in the proton than the
up quark.
At the LHC, dilepton production rates were measured
at 8 TeV with an integrated luminosity of about 20
fb−1. Events were recorded up to mee ∼ 1600 GeV and
mµµ ∼ 1800 GeV by ATLAS [39] and mee ∼ 1750 GeV
and mµµ ∼ 1850 GeV by CMS [40]. The dominant and
irreducible background is the neutral current DY pro-
cess, qq¯ → `+`−, which in the SM proceeds through the
diagram on the left-hand side of Fig. 1. The subdomi-
nant backgrounds come from production of dibosons, top
quarks, dijets and W+jets.
The above measurements can constrain LQ parame-
ters. I remind the reader that these constraints consti-
tute only the secondary result of this paper: the primary
result will be the limits from `+`− angular spectrum mea-
surements, with which I deal in the next section. I will
now employ only the ATLAS m`` measurements toward
my constraints, for two reasons – (i) both collaborations
have similar sensitivities and their results concur: the
measured data was consistent with the SM. Thus both
measurements place similar exclusion limits on the lepto-
quark models; (ii) the ATLAS measurement is presented
as an event distribution across m`` with the bins evenly
spaced on a logarithmic axis. CMS presents a distri-
bution of Events/GeV across m`` and the bins are not
evenly spaced. Consequently, the process of determining
the exact number of events in each bin is error-prone.
To set constraints using m`` distributions, I repeat
the procedure used in [17]. Cross-sections for the pro-
cess pp → `+`− are obtained analytically by con-
volving the partonic level processes qq¯ → `+`− with
MSTW2008NNLO parton distribution functions (PDFs).
The common renormalization and factorization scale is
taken as m``. The SM background is taken to com-
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prise solely of the s-channel Z/γ∗-mediated process on
the LHS of Fig. 1 – the sub-dominant backgrounds are
neglected. To generate signal events, I take the m`` dis-
tribution of the NNLO background provided by ATLAS
and scale it by m`` distributions of the ratio dσtot/dσSM,
where dσtot and dσSM are as defined in Eq. 6. It is not
unreasonable that most of the next-to-leading (NLO) or-
der corrections from QCD and electro-weak effects are
common to both the signal and background, and would
thus disappear in the ratio. PDF uncertainties similarly
fall out. No RG-improvement on the couplings is per-
formed as it has no significant impact on the final re-
sults. Finally, the analytical cross-sections are validated
with MadGraph5 [41]. To do this I used the UFO files
generated by [33], with suitable modifications to include
MuoQuarks and LeptoDowns.
In this analysis, I take events far from the Z peak
(above m`` = 500 GeV) as this is where the leptoquarks
of masses considered here have their highest impact. In
these high m`` bins the statistical errors dominate. Lim-
its can be obtained from a shape analysis comparing the
SM and new physics dilepton distributions. One does
this by finding ∆χ2 = χ2NP − χ2SM, where
χ2NP =
Nbins∑
i=1
(N iobs −N iNP)2
N iNP + σ
2
SM
,
χ2SM =
Nbins∑
i=1
(N iobs −N iSM)2
N iSM + σ
2
SM
(9)
with σSM the systematic uncertainty of the back-
ground.
The results of the above procedure are plotted in Fig. 7
with red curves. Also plotted using magenta curves are
the results of Ref. [19], which used a somewhat similar
analysis. Here, only high bins with m`` ≥ 1.8 TeV were
considered, where no events were observed by ATLAS.
The interference term dσint was neglected, since large
couplings were probed. Limits were then set using Pois-
son statistics. All these results are discussed in Sec. VI.
III.2. Dilepton angular distributions
Defining cθ ≡ cos θ, where θ is given in Eq. 1, the
angular distribution of dilepton production rates can be
written as
d2σ
dm``dcθ
=
∞∑
n=0
anc
n
θ , an ∈ R , (10)
where the an coefficients are m``-dependent. The bot-
tom plots of Fig. 2 show the dramatic deviations from the
SM angular spectrum caused by leptoquarks. The colour
code here is the same as in the m`` spectra, and now
the left-hand (right-hand) plot corresponds to m`` = 500
GeV (m`` = 1500 GeV). As before, an ElectroUp is cho-
sen for illustration. The spectra are normalized with
respect to the cθ-integrated cross-section. Due to the
qualitative differences seen between the SM and LQ-
contributed spectra, one expects LQs to produce consid-
erable departures from the SM in observables that char-
acterize the angular dependencies (such as the forward-
backward asymmetry).
Now at a p-p collider such as the LHC, it is impossi-
ble to determine in each event the origin of the initial
state quark or anti-quark, on account of which there ex-
ists an inherent uncertainty in the determination of the
angle θ. It is further complicated by uncertainties in
the transverse momenta of partons. These difficulties are
partly overcome by following the prescription of Collins
and Soper (CS) [42], in which the lepton scattering angle
in question, θCS, is distinct from θ. I will expand on the
details of this frame in Sec. III.2.1.
A common experimental practice to measure the an-
gular distribution in Eq. 10 is to determine the forward-
backward asymmetry. In Sec. III.2.1, I will first discuss
how this measurement can be used as a probe of lep-
toquark parameters, and explain the procedure I use to
place bounds. Next, in Sec. III.2.2, I will show how the
centre-edge asymmetry, a boost-invariant observable that
can vanish in the SM, can improve on the AFB as a probe
of New Physics, and will illustrate the case with LQs.
Finally, in Sec. III.2.3, I will briefly discuss the dilepton
event distributions in cos θCS as measured by ATLAS at√
s = 8 TeV. I place no bounds based on this measure-
ment – as I will explain in that sub-section, modelling
the full background is beyond the scope of this paper.
III.2.1. Forward-backward asymmetry
The forward-backward asymmetry is a conventional
variable used to measure the dilepton angular distribu-
tion in Eq. 10. It is given by
AFB(m``) ≡
[∫ 1
0
− ∫ 0−1] dcθ(d2σ/dcθdm``)[∫ 1
0
+
∫ 0
−1
]
dcθ(d2σ/dcθdm``)
=
(dσ/dm``)F − (dσ/dm``)B
(dσ/dm``)tot
=
NF −NB
Ntot
. (11)
The top right-hand plot of Fig. 2 illustrates the dra-
matic deviations from the SM AFB at partonic level due
to the inclusion of ElectroUp-mediated dilepton produc-
tion. The colour code follows the other Fig. 2 plots. The
SM curve varies markedly below and near the Z pole due
to Z-γ∗ interference. It changes sign close to the Z pole
and at high m`` settles to a steady value near ∼ 0.6. We
may compute this value analytically as follows. Using
Eqs. 7 and 8 in Eq. 11, one finds for m`` MZ
AFB(SM) =
3
4
· βeΓ
1
− + Γ
2
−
β2e + βeΓ
1
+ + Γ
2
+
, (12)
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where
βe = 2e
2QqQ`,
Γn± = [(g
q
L)
n ± (gqR)n][(g`L)n ± (g`R)n].
For q=u & `=e, one obtains AFB(SM) = 0.6043, in
agreement with the SM curve in Fig. 2. Strikingly, one
obtains a very similar value for q=d: AFB(SM) = 0.6365.
Thus, at the hadron level, where the AFB is roughly a
weighted average of the up and down quark contribu-
tions, one expects AFB(SM) at high m`` to fall between
these two closeby values.
I now describe the CS method assuming the trans-
verse momenta of initial state partons can be neglected
in comparison to the high longitudinal momenta gener-
ated by the LHC. First, every event is boosted along the
beam axis until the dilepton centre-of-momentum frame
is found. The direction of this boost is then taken to
be the provenance of the quark, owing to its predomi-
nantly valence nature. In this frame, the angle between
the (anti)quark and (anti)lepton, θCS, is defined as
cos θCS =
ptotz
|ptotz |
· 2 · p
`−
+ p
`+
− − p`
+
+ p
`−
−
m2``
, (13)
where pi± ≡ (Ei±piz)/
√
2 and ptotz is the total dilepton
longitudinal momentum. Events with cos θCS > 0(< 0)
are tagged as forward (backward). Re-writing the above
quantities in terms of the pT and pseudorapidities of lep-
tons η±, one finds that the forward-backward asymmetry
at a p-p collider comes down to the charge asymmetry:
ACSFB =
N(∆|η| > 0)−N(∆|η| < 0)
N(∆|η| > 0) +N(∆|η| < 0) , (14)
where ∆|η| ≡ |η−| − |η+|.
There is inevitable discrepancy between ACSFB and the
forward-backward asymmetry in the actual centre-of-
momentum frame, hereafter denoted as ACMFB . Since
a fraction of (anti)quarks is always misidentified, some
truly forward events are mistaken for backward, and vice-
versa. Thus, some forward-backward events are sym-
metrized, or put differently, ACSFB is diluted with respect
to ACMFB . In the SM this could by a factor of 1.5− 3, de-
pending on the m`` and total dilepton rapidity. The dilu-
tion factor is in general determined by the PDFs and the
model. Appendix A provides an analytical calculation of
this factor at a given m`` for a given model, starting from
the cos θCS spectrum of hadron level cross-sections.
There are two other sources of uncertainty, as outlined
in [43], although not as important as the one above. I will
re-address them in this section, showing that they can
be neglected in our analysis. These are: (i) higher order
QCD and QED phenomena such as ISR. Their effect is
the migration of events across m`` bins, which indirectly
impacts AFB(m``). Its influence is at its highest near
the Z peak and gets smaller with m``. This effect may
be mitigated by the use of the Mustraal frame [44, 45],
or by integrating events into wide m`` bins; (ii) detec-
tor resolution, resulting in mismeasurement of m`` and
rapidities. The realistic AFB measured after undergoing
these effects is sometimes called “uncorrected”.
ATLAS and CMS have measured ACSFB in e
+e− and
µ+µ− channels with 20 fb−1 of data collected in the 8
TeV run of the LHC. ATLAS presents these measure-
ments for dilepton masses upto 4 TeV [20], and CMS
for upto 2 TeV [46]. CMS also divides events by their
absolute rapidity
y ≡ 1
2
log
(
Etot + ptotz
Etot − ptotz
)
(15)
into four bins: [0, 1], [1, 1.25], [1.25, 1.5], [1.5, 2.4]. The
backgrounds in these measurements are the same as in
Sec. III.1, with qq¯ → Z/γ∗ → `+`− dominating.
To derive constraints on leptoquark models, I use the
CMS measurements as they show data in more numer-
ous bins. As in Sec. III.1, I generate pp → `+`− events
in MadGraph5 with a common renormalization and fac-
torization scale of m`` using CTEQ6L1 PDFs. I then bin
them in y as above. For the LQ masses considered here,
only high m`` events (far from the Z peak) are relevant.
Therefore, I use only the last m`` bin in the CMS mea-
surement, corresponding to [500, 2000] GeV. I then deter-
mine ACSFB in the four y bins using Eqs. 13 and 14. I find
that the SM ACSFB so obtained matches the background
provided by CMS [46] to an excellent degree. This, then,
testifies that the secondary sources of the dilution of AFB
– ISR and detector resolution – are indeed negligible at
high m``.
The uncertainties are almost entirely statistical; only
in the bin y ∈ [1, 1.25] in the µ+µ− channel, the sys-
tematics are somewhat relevant, albeit subdominant.
To obtain the signal statistical uncertainty, I simply
rescale the background statistical uncertainty by the ra-
tio
√
(NSM/NNP), where Ni is the number of SM or New
Physics events in the relevant bin. With this information,
I obtain a 95% C.L. bound on the leptoquark parameters
with Pearson’s χ2 statistic (see [13, 47]) by computing
χ2NP =
∑
bins
(AobsFB −ANPFB)2
δ2NP
,
χ2SM =
∑
bins
(AobsFB −ASMFB )2
δ2SM
, (16)
and seeking ∆χ2 = χ2NP − χ2SM = 5.99. The results,
plotted in Fig. 7 using green curves, will be discussed
in Sec. V. In the next sub-section I discuss a quantity
that complements ACSFB as a description of `
+`− angular
spectra and may be more suitable to identify New Physics
signals.
III.2.2. Centre-edge asymmetry
The forward-backward asymmetry as a collider observ-
able has its virtues. In the angular spectrum of spin-1
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FIG. 4. The centre-edge asymmetry ACE, as defined in Eq. 18,
with the colour code the same as in Fig. 2. The ACE is a boost
invariant that can be chosen to vanish in the SM at some
perturbative order, so that a non-zero value may easily signal
new physics. Here I have chosen ymax →∞ for simplicity and
y0 = 3.854 to set the SM value to zero.
s-channel mediation – Eq. 1 – one can determine that
a = 8AFB/3. Thus the AFB succinctly characterizes the
(parabolic) cos θ distribution by indicating the location
of the minimum. The SM AFB also carries the telltale
stamp of parity violation in the weak interaction. Indeed,
the most accurate extractions of the weak mixing angle
sW at high energies are made using AFB measurements
at the Z pole, a topic to which I will return in Sec. VI.
Yet the use of AFB is perhaps outdated in the LHC
era. This may be argued with two reasons.
(i) In e+e− colliders, as knowledge of the initial state
directions fixes the sign of the beam axis, the centre-
of-momentum (CoM) frame scattering angle is always
obtainable from final state pseudorapidities: cos θ =
tanh(∆η/2), where ∆η = η`
− − η`+ . From Eq. 11 one
has
ACMFB =
N(∆η > 0)−N(∆η < 0)
N(∆η > 0)−N(∆η < 0) . (17)
The benefit of all this is the basis on ∆η, an invariant
under longitudinal Lorentz boosts. Thus, even if the lab
frame differs from the CoM frame of the colliding beams,
the phenomenologist is undeterred: it is always straight-
forward to calculate quantities in the initial state CoM
frame, and seldom obvious in other frames.
In contrast are the difficulties at a p-p collider (and
to an extent at a p-p¯ collider) described in Sec. III.2.1.
Crucially, ACSFB as given in Eq. 14 is based on ∆|η|, which
is not invariant under boosts. To make contact with
data is then discouraging. One must either derive (or be
aware of) the not-so-evident equations in Appendix A,
or use a Monte Carlo phase space generator to work in
the Collins-Soper frame. The interested physicist is not
always the intrepid physicist.
(ii) The `+`− AFB vanishes for the tree-level γ-
mediated process (since QED respects parity) and is non-
zero when the Z interference is added. This transition
from zero to finite was an important attribute that helped
us to indisputably glean the presence of “new physics”.
In the current era, the LHC probes energy scales far
above the Z mass, and in this regime the SM AFB is
more or less constant at ' 0.6. Confoundingly, the “un-
corrected” version comes with an m``-dependent dilution
factor. Although a treatment of backgrounds, data and
errors could testify that the measured data agrees with
the SM, one no longer enjoys the privilege of “eyeballing”
the data to immediately discern so.
In light of (i) and (ii), one may then ask: can we
characterize LHC angular distributions with a concise
quantity that is (a) frame-independent, and (b) vanish-
ing in the SM? Criterion (a) is effortlessly met by the
simple use of variables that only contain |∆η|. The ab-
solute value eliminates the sign and hence uncertainties
over initial state quark direction. Analytical calcula-
tions in the centre-of-momentum frame are possible since
| cos θ| = tanh(|∆η|/2). Indeed, the LHC experiments
already characterize jet angular distributions using the
variable χ ≡ exp(|∆η|).
Neither is criterion (b) difficult to fulfill. In a |∆η| dis-
tribution, one can always find a region containing exactly
half the events. The difference in population between this
and the remaining region vanishes. One quantity that po-
tentially shows this feature is the centre-edge asymmetry,
advocated in [2]. It is defined as
ACE(m``) ≡
[∫ y0
0
− ∫ ymax
y0
]
d|∆η|(d2σ/d|∆η|dm``)[∫ y0
0
+
∫ ymax
y0
]
d|∆η|(d2σ/d|∆η|dm``)
=
N(0 < |∆η| < y0)−N(y0 < |∆η| < ymax)
N(0 < |∆η| < y0) +N(y0 < |∆η| < ymax) .
(18)
The value of ymax is set by the size of the detector and the
region chosen for analysis. (E.g., ymax = 5 for an analysis
that demands lepton |η| < 2.5.) One may then locate
a y0 such that the SM ACE → 0. Of course, one must
compute this at a suitable perturbative order: we already
know from studies of the t-t¯ charge asymmetry [7, 8] and
dileptonic AFB [48] that higher order corrections may
slightly reshape angular spectra. The measurement of a
finite ACE may then facilitate a prompt interpretation of
new physics. In addition, thanks to boost invariance, the
values of ymax and y0 can be mapped to corresponding
| cos θ| values in the CoM frame, enabling rapid analytic
calculation.
I show the usefulness of this variable by plotting in
Fig. 4 the LO ACE produced by an ElectroUp exchange
as a function of m``. The colour code for this plot is the
same as for Fig. 2. Taking ymax →∞ for simplicity, the
SM value here goes to zero for y0 = 3.854, corresponding
to | cos θ| = 0.588. LQ exchange triggers a finite ACE,
and careful measurements across m`` may reveal the LQ
mass and coupling strength.
The use of ACE is revisited in Sec. VI, where it will
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FIG. 5. Feynman diagrams for pair production of leptoquarks, denoted by φ. Leptoquarks shaded red are produced on-shell,
and those shaded green mediate production. Diagrams (a)-(d) are QCD-driven while the diagram in (e) makes a Yukawa
coupling-dependent contribution, subjecting the coupling to a mild constraint.
be shown that the spin of the LQ participating in DY
production is instantly recognizable from the sign of ACE.
III.2.3. cos θCS distributions
ATLAS has measured the e+e− and µ+µ− cos θCS dis-
tributions at
√
s = 8 TeV, L = 20 fb−1 [20]. Lamentably,
setting limits here is not as straightforward as the proce-
dure used for m`` spectra in Sec. III.1. In the bins with
| cos θCS| > 0.6, backgrounds involving γ-induced `+`−
production, t-t¯, multijets and W+jets become compara-
ble to the leading background (Z/γ∗-mediated DY). The
multijet and W+jets backgrounds are estimated by data-
driven methods, and modelling them is beyond the scope
of this work. I will not attempt this analysis further.
IV. OTHER LEPTOQUARK PROBES
Multiple experiments probe the leptoquark models in
this work and can give interesting competition to the
dilepton probes detailed in the previous section. Sec. V
will show and discuss the corresponding limits.
Dedicated searches are ongoing at the LHC in pro-
cesses of pair production (Fig. 5) and single production
(Fig. 6). The first of these is dominated by QCD, with
a small yq`-dependent contribution from the channel in
Fig. 5(e). The second is completely sensitive to the
yq` couplings. Precision measurements of atomic par-
ity violation (APV) impose very stringent constraints on
ElectroQuarks, a fact poorly appreciated in leptoquark
literature. Finally, the measurement of (g−2)µ may bear
relevance to MuoQuarks. In Appendix B, I describe in de-
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FIG. 6. Feynman diagrams for single production of leptoquarks, denoted by φ. The LQs shaded red in diagrams (d) and (e) are
produced on-shell; in these diagrams the LQ decay width in Eq. B3 plays a major role in determining the signal cross-sections.
LQs shaded green mediate processes giving the `+`−j final state. Diagrams with all fermion arrows reversed are also present.
Unlike pair production, which is QCD-dominated and mostly unresponsive to LQ Yukawa couplings, this search channel is
sensitive to both the couplings and masses of LQs.
tail the procedures I followed to map existing constraints
onto my coupling-mass space. I find that limits from di-
rect production and APV experiments compete with the
DY limits, while those from (g − 2)µ measurements do
not apply in the relevant range of parameters.
V. RESULTS AND FORECASTS
I have assembled in Fig. 7 all the bounds arising from
the probes discussed in Secs. III and IV. These bounds,
where applicable, are shown for all four LQ models con-
sidered in this work, and plotted with a common key:
– the red curves are 95% C.L. limits from the ATLAS
measurement of m`` spectra at
√
s = 8 TeV and L =
20 fb−1 [39]. These limits were extracted in Sec. III.1.
– the magenta curves are the same, only as extracted
in [19] using bins of m`` ≥ 1.8 TeV, where zero events
were observed.
– the green curves are 95% C.L. limits from the CMS
measurement of AFB at
√
s = 8 TeV and L = 20 fb−1
[46]. These limits were extracted in Sec. III.2.1.
– the brown shaded regions are excluded at 95% C.L.
by pair production, as measured by ATLAS at
√
s =
8 TeV and L = 20 fb−1 [11]. These limits are extracted
in Sec. 1 of Appendix B.
– the cyan shaded regions are excluded at 95% C.L. by
single production, as measured by CMS at
√
s = 8 TeV
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FIG. 7. Summary of all the constraints on LQ models considered in this work. Regions shaded brown and cyan are excluded at
95% C.L. by dedicated LHC searches in processes of LQ pair and single production respectively at
√
s = 8 TeV and L = 20 fb−1.
Regions shaded grey in the ElectroQuark plots are excluded at 2σ by low-energy measurements of atomic parity violation. The
other curves are 95% C.L. limits derived from LHC measurements of dilepton spectra at
√
s = 8 TeV, L = 20 fb−1. The green
curves are bounds from CMS measurements of the forward-backward asymmetry, and the red curves, from ATLAS data on m``
distributions. The magenta curves, provided for comparison, are limits extracted in Ref. [19] from ATLAS bins of m`` ≥ 1.8
TeV, where no events were observed. See text for further details.
and L = 20 fb−1 [12]. These limits are extracted in Sec. 2
of Appendix B.
– the grey shaded regions are excluded at 2σ by the
atomic parity violation measurement of Wood, et al [49].
These limits are extracted in Sec. 3 of Appendix B.
I begin my discussion of these limits with the main re-
sults of this paper, describing where dilepton production
stands in comparison to other probes:
(1) For mLQ & 1 TeV the measurement of both the
m`` distribution and AFB constrain LQs better than pair
production. This is because the cross-sections required
to pair-produce LQs declines steeply with mLQ, whereas
the modification to dilepton spectra from (even heavy)
LQs can be appreciable, given a yq` strong enough. Be-
low mLQ = 1 TeV, though, pair production, proceeding
through QCD, restricts LQs better at small yq`, where
the influence of LQs on dilepton production is faint.
(2) `+`− measurements outdo single production. This
is because (a) the former involves two-body final states
whereas the latter, three-body. Thus the cross-section
of single production suffers a phase space cost, (b) the
final state `+`−, pitted against `+`−j, is much cleaner.
In different words, minimal theoretical and experimental
uncertainties associate with purely leptonic final states,
while the same cannot be said for single production – the
presence of the jet incurs larger uncertainties.
(3) In spite of the above virtues, dilepton production is
as yet unable to compete with atomic parity violation in
the ElectroQuark models. The great precision required
to do so demands great collider luminosity, a topic to
which I will return later in this section.
I now discuss every probe individually, beginning with
dileptons.
Several features are conspicuous in the red and green
curves of Fig. 7. Firstly, the red curves, representing the
m`` bounds derived here, run through smaller Yukawa
12
couplings than the magenta curves, denoting the bounds
derived by [19]. The second limit is weaker because the
authors of [19] obtained their limits using only data in
bins with zero events.
Secondly, the AFB limits are (slightly) stronger than
the m`` spectrum limits in all but the MuoUp models. In
the MuoUp model, the m`` distribution limit benefits from
a down-fluctuation in the data, seen at mµµ ' 750 GeV.
Thirdly, the MuoQuark models are better constrained
than their ElectroQuark counterparts. As just men-
tioned, this can be put down in the case of the red curves
to a down-fluctuation in dimuon production. In the case
of the green curves, the reason is the higher consistency
of AFB data with the SM in the µ
+µ− channel than in
the e+e− channel.
Lastly, the LeptoUp models are better constrained than
their LeptoDown counterparts. This is simply on account
of the denser parton distributions of the up quark than
the down in LHC protons.
Let me now summarize the dilepton constraints in
mass ranges spared by LQ pair production. Measure-
ments of both the m`` spectrum and the AFB set upper
bounds on LQ Yukawa couplings that increase monotoni-
cally with LQ mass. At 95% C.L., these bounds, for each
LQ model in this work, are given by
ElectroUp
mLQ = 1.05 TeV :
{
yue ≤ 0.63 [m``],
yue ≤ 0.58 [AFB] .
mLQ = 2.5 TeV :
{
yue ≤ 1.24 [m``],
yue ≤ 1.17 [AFB] .
ElectroDown
mLQ = 1.05 TeV :
{
yde ≤ 0.81 [m``],
yde ≤ 0.72 [AFB] .
mLQ = 2.5 TeV :
{
yde ≤ 1.5 [m``],
yde ≤ 1.5 [AFB] .
MuoUp
mLQ = 1.05 TeV :
{
yuµ ≤ 0.42 [m``],
yuµ ≤ 0.53 [AFB] .
mLQ = 2.5 TeV :
{
yuµ ≤ 0.92 [m``],
yuµ ≤ 1.08 [AFB] .
MuoDown
mLQ = 1.05 TeV :
{
ydµ ≤ 0.72 [m``],
ydµ ≤ 0.67 [AFB] .
mLQ = 2.5 TeV :
{
ydµ ≤ 1.41 [m``],
ydµ ≤ 1.41 [AFB] .
Turning to pair production, one finds the excluded re-
gion very similar in all four LQ models. This is because
LQ pair production is dominantly QCD-driven in all
four scenarios, with slight differences in the experimen-
tal analysis arising only from the reconstruction of the
final state (e+e−jj vs. µ+µ−jj). In the ElectroQuark
(MuoQuark) plots, the bound ismLQ ≤ 1050 GeV (mLQ ≤
1000 GeV) near yq` = 0, and tends to higher masses as
yq` is increased – a consequence of the increase in con-
tribution of the production mode in Fig. 5 (e). In the
LeptoUp models, the mass bound seems to saturate at
1300 GeV because ATLAS does not provide exclusion
cross-sections beyond this point. Through ampler par-
ton densities of the up quark in the initial state proton,
one finds the constraints in the LeptoUp plots slightly
stronger than the corresponding LeptoDown plots.
Constraints from single production are seen to reach
heavier LQs than pair production. This is because, com-
pared to the on-shell production of two heavy LQs, the
production of a single LQ costs less energy; higher LQ
masses may be probed with the greater rates in which
this results. As the process is sensitive to the Yukawa
coupling yq`, so is the mass reach – the heavier the LQ,
the stronger the yq` required to compensate for the cor-
responding loss in cross-section (see Fig. 6). This probe
is seen to work best only in the ElectroUp model: for
yq` = 1.5, it excludes mLQ ≤ 1900 GeV (c.f. mLQ ≤ 1300
GeV excluded by pair production). In the other three
LQ models, the single production bound does not fall
far from the pair production bound. This is due in the
MuoQuark models to poor exclusion limits – see Table B.2
in [12] – and in the ElectroDown model to the smaller
PDFs of the down quark.
The stiffest constraint on ElectroQuarks is imposed
by the APV measurement, seen to probe yq`-mLQ space
far more invasively than LHC single production. Even for
an LQ as heavy as 2.5 TeV, Yukawa couplings down to
0.6 are excluded. The efficacy of this probe is a direct re-
sult of the precision achieved in low-energy experiments.
Due to difficulties in observing weak neutral currents in
muonic atoms, parity violation has not been measured
in these systems (yet). Were the task accomplished, it
might emerge the best probe of MuoQuark models [50]. I
will discuss more on this theme in Sec. VI.
To conclude the discussion on constraints, I reiterate
the main results of this work: for mLQ & 1 TeV, dilepton
distributions provide (i) stronger constraints than dedi-
cated search strategies at the LHC, (ii) the strongest con-
straints to date on MuoQuarks, while conceding to atomic
parity violation in the case of ElectroQuarks.
Can the dilepton channel ever overtake atomic parity
violation? This is a question chiefly of collider luminos-
ity – one now asks if the accumulated luminosities of fu-
ture LHC runs can confer enough precision. (As for the
future of APV measurements, a number of experiments
have been proposed, but their improvement over the pre-
vious precision of [49] is insignificant: see [51] and the
references in [47]. I will therefore reuse constraints from
[49].) Fig. 8 forecasts the 95% C.L. sensitivity of the LHC
for ElectroQuarks at high luminosities. The dashed
(solid) curves correspond to L = 300 fb−1 (3000 fb−1),
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FIG. 8. 95% C.L. sensitivities of future LHC dileptonic measurements, compared with the current bound from atomic parity
violation on ElectroQuarks (shaded grey). The green and red curves, as before, correspond to forward-backward asymmetries
and m`` spectra respectively. The dashed (solid) curves correspond to an integrated luminosity of 300 fb
−1 (3000 fb−1). These
forecasts are made with pseudodata obtained by Poisson-fluctuating background estimates 100 times. See text for further
details.
and as before, the green (red) curves to sensitivities to
the AFB (m`` spectrum) measurement. To obtain these
curves, I observed the following procedure, taking a leaf
out of [17]’s book. I first generated background events
(pp→ Z/γ∗ → e+e−) at √s = 13 TeV using MadGraph5
over several bins of m`` ≥ 500 GeV. I then generated
“data” with Poisson fluctuations around the background
events in each bin. I performed 100 of these pseudo-
experiments. Combing a grid of yq` v. mLQ, I then gen-
erated signal events. Next, using Eqs. 9 and 16 I found
the 95% C.L. sensitivity for all 100 sets of pseudodata,
assuming a systematic error of 6%. (The statistical error
in AFB was taken as
√
(1−A2FB)/N .) Finally, I averaged
over the 100 ∆χ2’s. By this procedure, similar reaches
will be obtained for Muoquarks.
The results of this procedure can be summarized in the
following 95% C.L. sensitivities of either dileptonic probe.
The upper bound in couplings is given for luminosities
(300 fb−1, 3000 fb−1).
LeptoUp
mLQ = 1 TeV :
{
yq` ≤ (0.14, 0.08) [m``],
yq` ≤ (0.11, 0.06) [AFB] .
mLQ = 2.5 TeV :
{
yq` ≤ (0.28, 0.17) [m``],
yq` ≤ (0.22, 0.12) [AFB] .
LeptoDown
mLQ = 1 TeV :
{
yq` ≤ (0.42, 0.14) [m``],
yq` ≤ (0.24, 0.12) [AFB] .
mLQ = 2.5 TeV :
{
yq` ≤ (0.69, 0.30) [m``],
yq` ≤ (0.56, 0.26) [AFB] .
These results show that high-luminosity LHC dilepton
production can clearly probe ElectroQuarks better than
APV measurements, the only exception appearing in the
m`` spectrum at 300 fb
−1 for an ElectroDown. I have not
attempted to project the LHC reach in single and pair
production modes. These rely sensitively on the cuts to
be employed, and in any case one expects (on the strength
of this paper’s results) that the single production process
will be a poorer probe of LQs than `+`− measurements.
See [52] for a sensitivity study of combined single and
pair production at
√
s = 14 TeV and L = 300 fb−1.
At the time of writing, the LHC collaborations have
presented results of relevant searches at
√
s = 13 TeV.
These include resonances in m`` spectra (with L '
13 fb−1) [53, 54] and LQs in pair production (with
L ' 3 fb−1) [55, 56]. There are no publications yet on
AFB measurements and single production searches at this
energy and luminosity. Since no meaningful comparisons
can be made until we have these, I have not shown con-
straints using LHC Run 2 results.
VI. SUMMARY AND SCOPE
In this work I showed how the celebrated virtues
of dilepton production – high rates, intelligible back-
grounds, minimal theoretical and experimental uncer-
tainties – can be exploited to constrain non-resonant sce-
narios, specifically scalar leptoquarks exchanged in the t-
channel of qq¯ → `+`−. The manner in which a t-channel
scalar partitions dileptonic events in real space is quite
unlike the Standard Model s-channel vectors. This differ-
ence can be picked up in collider measurements of angular
distributions. Thus the LHC measurements of dilepton
angular spectra, found to agree with SM predictions, ro-
bustly constrain leptoquark parameters.
Indeed, I find the constraint from the `+`− forward-
backward asymmetry typically tighter than that from
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FIG. 9. `+`− angular distributions can clearly mark the spin
of LQs. In these plots, blue: SM, green: scalar LQ and red:
vector LQ. The LQ coupling and mass are taken 1 and 1 TeV,
for illustration. The surest distinguisher is the centre-edge
asymmetry ACE, carrying an opposite sign for either spin.
See Sec. VI for more details.
the invariant mass spectrum. These two constraints vie
with, and often surpass, current limits on LQs from dedi-
cated searches in processes of pair and single production.
When a leptoquark couples to the electron, low-energy
measurements of atomic parity violation provide better
limits than LHC dilepton probes. But future runs of the
high-luminosity LHC can deliver enough precision in this
channel to excel APV measurements. Due to the use of
different statistical tests to obtain limits from the m``
spectrum and AFB, a statistical combination of the re-
sults was not attempted.
Also advocated in this paper is my view that the
forward-backward asymmetry as a description of dilepton
angular spectra is obsolete in the LHC era. It is based on
two facts: a meaningful AFB at hadron colliders is only
measurable in such special frames as the Collins-Soper
frame, and it is non-zero at energies >> MZ , where most
searches for new physics are conducted. In place of the
AFB is encouraged the use of the centre-edge asymmetry
ACE, which is both frame-independent and vanishable in
the SM, thus interfacing cleanly between collider mea-
surement and theory calculation.
The implications of this paper’s main results are many.
First, although a discovery of LQs in direct searches
would be the clearest indication of their existence, it may
be signalled first in the indirect probes of dilepton spec-
tra. If the LQs are so heavy as to not be pair-produced in
sufficient numbers at the LHC, or couple to SM fermions
so weakly as to not show up in single production pro-
cesses, the sole signals may arrive in the Drell-Yan chan-
nel. In such cases, information from both the kinematic
and angular spectra may be required to reconstruct the
LQ’s mass, spin and couplings.
Second, the null results from LHC Run 1 for New
Physics in the DY distributions of e+e− and µ+µ−
channels marks out a region of parameters where ded-
icated LQ probes may not make a discovery in future
searches. This statement is, of course, only true under
certain circumstances. The DY process is sensitive to the
lepton-LQ-quark coupling yq` (as is the single production
process), while LQ pair production is QCD-dominated.
Therefore, the latter is obviously the leading probe when
yq` is small. Dilepton production is also a competitive
probe only for LQs coupling the valence quarks u and d to
electrons and muons. To discover LQs of any other cou-
pling structure, direct production (singly and in pairs)
remains the best search strategy. Due to this interplay
of multiple probes, it is crucial to interpret LQ search
data for all allowable coupling structures. As of now, the
LHC experiments only present results on “first”, “sec-
ond” and “third generation” LQs – species that couple
quarks with leptons of the same family number. I would
like to recommend the additional presentation of bounds
on LQ species with cross-family couplings, such as the
ones considered in [19] and in this paper.
Third, the conclusion that ElectroQuark couplings are
best bound by APV experiments while MuoQuark cou-
plings by LHC dimuon production underlines the im-
portance of testing new sources of parity violation with
precision experiments at low energies. Of great interest
would be to interrogate muonic systems at these scales
and check if better limits than the LHC can be obtained.
The case for these measurements is compelling even out-
side the scope of this paper’s results. Intriguing discrep-
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FIG. 10. Feynman diagrams for radiative Drell-Yan processes that produce threshold effects, noticeable at large couplings. See
Sec. VI for more details.
ancies have been observed in (g−2)µ [57] and the proton
charge radius obtained from the Lamb shift of muonic
hydrogen [58]. While the observation of weak neutral
currents in muonic atoms has remained infeasible, other
avenues to probe parity violation have been proposed,
such as the atomic radiative capture of muons [59]. If
realized, these experiments may well become the frontier
probe of parity-violating muon physics like MuoQuarks.
While the focus of this paper was on the relevance of
dilepton angular distributions to leptoquarks, these spec-
tra are sensitive to other physics as well. The weak mix-
ing angle sW was extracted from LHCAFB measurements
at the Z pole at
√
s = 7 TeV and found to be accurate to
0.44% [47], with the error dominated by PDF systemat-
ics. This uncertainty is already comparable to that from
LEP measurements, 0.26%, giving an indication of the
precision achievable with AFB at the LHC. Measurements
of ratios of cross-sections like AFB and ACE enjoy another
advantage over m`` spectra. The lack of precise knowl-
edge of the PDFs at high x may limit a bump search, but
may not pose as great a problem for AFB or ACE, where
the PDF uncertainty cancels to an extent in the ratio
[15, 60]. These features may help these measurements
become more sensitive to New Physics than m`` distri-
butions in future LHC runs. Ref. [15] makes use of these
features to find that at LHC luminosities ≥ 30 fb−1, ACSFB
may precede the m`` spectrum as the discovery ground
of a Z ′ boson if the resonance is broad, and can give
comparable sensitivities if its width is narrow. Dilepton
angles may have implications for the properties of dark
matter as well. One may inspect the sensitivity of LHC
`+`− angular observables to the couplings and masses
of dark matter (and its mediators) if they contribute to
qq¯ → `+`− through radiative processes, such as studied
in [17]. Equally interesting to know would be the ability
of these observables to discern DM spin and the chirality
of DM’s couplings to SM matter. These possibilities are
being explored in forthcoming work [61].
Another exciting prospect is to find or corner super-
symmetry in dilepton production distributions. This is
possible in supersymmetric models with R parity viola-
tion (RPV) [62]. The RPV operator λ′ijkLiQiD
c
k pro-
vides a leptoquark in the form of the down-type squark.
(In the usual LQ notation, this is the species S1.) The
immediate constraints here are proton decay and unre-
strained FCNCs that generally arise in RPV scenarios.
Bounds from proton decay may be mitigated if the bary-
onic RPV operator λ′′ijkUiDjDk and the respective soft
term are suppressed, while constraints from flavour vio-
lation depend on the pattern of R-parity breaking, the
possibilities of which are reviewed in [37]. Another con-
straint immediately relevant in leptonic RPV comes from
Higgs-slepton mixing.
The findings of this paper can be trivially extended to
vector LQs. Moreover, affairs may become doubly inter-
esting if LHC dilepton spectra were to exhibit anomalies,
for not only can their leptoquark origins be tested, but
also spin-0 LQ exchange can be untangled from spin-1.
As already outlined in Eqs. 2-3, we may perform this by
studying angular distributions and asymmetries. Fig. 9
illustrates this clearly. In these plots the blue curves
correspond to the SM, and the green and red curves to
16
scalar and vector LQs respectively, with unit coupling
and LQ mass = 1 TeV. For the vector LQ I choose the
species U˜(3,1, 5/3), which mimics a LeptoUp. The top
plot shows the angular distribution at m`` = 1 TeV,
where qualitative differences between the two LQ spins
are already apparent. The middle plot tracks the par-
tonic level AFB as a function of m``. The scalar LQ AFB
is always smaller than the SM value and even becomes
negative, while the vector LQ AFB by and large exceeds
the SM value. The difference is most manifest in the
centre-edge asymmetry ACE (defined in Eq. 18), com-
puted at partonic level and plotted as a function of m``
at the bottom. Here y0 is chosen as 3.854 to make the
SM value zero. The ACE unambiguously signals the spin
by picking opposite signs for scalar and vector LQs.
As discussed in Sec. V, the constraints on LQ couplings
weaken monotonically with mass. If LQs remain unseen
to masses much higher than what was here considered,
couplings as large as ' 2 may be allowed. If so, threshold
effects due to loop-induced Feynman diagrams, such as
those sketched in Fig. 10, can result in “monocline”-like
features in dilepton spectra. Such signatures were stud-
ied in the context of dark matter in [17]. Constraints on
the couplings now come primarily from the sharp-rise fea-
ture of the monocline, which may break the monotonicity
against mLQ. Notice also that unlike the simplified dark
matter model interacting with quarks and leptons, LQs
couple to gluons as well, resulting in added contributions
to the pp→ `+`− rates from the diagrams in Figs. 10(a)
and (d). I leave for the future the exploration of scenarios
outlined in this paragraph and the last.
In conclusion, I hope that the encouraging results of
this paper and the richness of New Physics possibilities in
dilepton angles at the LHC will elevate their consequence
from a profiling ground to a key discovery probe, and
place them in the same limelight as kinematic spectra.
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Appendix A: Angular spectrum in the Collins-Soper
frame
Neglecting the transverse momenta of initial state par-
tons, one may derive the angular distribution of events in
the Collins-Soper reference frame (Sec. III.2) using par-
tonic cross-sections and the PDFs. At hand are then
spectrum-marking variables like ACSFB for any model.
First, one re-writes Eq. 13 with (anti)lepton transverse
momenta and pseudo-rapidities to get
cos θCS = sgn(p
tot
z ) tanh(∆η/2)
= sgn(ptotz ) sgn(pq) cos θ, (A1)
obtaining a relation between the scattering angles in the
CS and centre-of-momentum frames. This equation clar-
ifies that the positive beam axis – the direction of the
initial quark – is chosen along the ptotz direction. The
PDFs determine how probable the truth of this choice is.
Let me now denote the partonic differential cross-
section for a quark flavour q in the centre-of-momentum
frame by
Dq(cθ) ≡ dσqq¯
dcθ
and, with τ = m2``/s, define the partial luminosity func-
tions
Lq ≡ 2m``
s
(∫ 1
√
τ
dx
x
fq(x)fq¯(τ/x) +
∫ √τ
τ
dx
x
fq¯(x)fq(τ/x)
)
,
Lq¯ ≡ 2m``
s
(∫ 1
√
τ
dx
x
fq¯(x)fq(τ/x) +
∫ √τ
τ
dx
x
fq(x)fq¯(τ/x)
)
,
(A2)
where s is the collider energy and fi is the PDF of the
parton i. The first (second) term captures events with
greater momentum in the initial quark (antiquark).
At the hadronic level Eqs. A1 and A2 combine to give
d2σpp
d cos θCSdm``
=
∑
q
(LqDq(cθ) + Lq¯Dq(−cθ)) . (A3)
For plots of this spectrum in the SM and with other
possible s-channel mediators, see [3]. From Eqs. 11 and
A3 the CS forward-backward asymmetry is now con-
structed as
ACSFB(m``) =
∑
q
(
[
∫ 1
0
− ∫ 0−1]dcθDq(cθ)[Lq − Lq¯])∑
q
(
[
∫ 1
0
+
∫ 0
−1]dcθDq(cθ)[Lq + Lq¯]
) ,
(A4)
where I have used∫ 0
−1
dcθDq(−cθ) =
∫ 1
0
dcθDq(cθ),∫ 1
0
dcθDq(−cθ) =
∫ 0
−1
dcθDq(cθ).
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Comparing Eq. A4 against its equivalent in the centre-
of-momentum frame,
ACMFB (m``) =
∑
q
(
[
∫ 1
0
− ∫ 0−1]dcθDq(cθ)[Lq + Lq¯])∑
q
(
[
∫ 1
0
+
∫ 0
−1]dcθDq(cθ)[Lq + Lq¯]
) ,
one discerns the dilution in ACSFB coming from the PDFs.
As Lq¯ diminishes with m``, so does the dilution.
Appendix B: Recasting Other Leptoquark Probes
This section explains the physics behind conventional
probes of LQs and describes in detail the procedures I
followed to recast their measurements.
1. Pair production
Scalar LQs may be pair-produced at the LHC through
channels depicted by the Feynman diagrams in Fig. 5,
each decaying subsequently to a lepton and a jet and
producing such final states as `+`−jj, νν¯jj and ν`±jj.
The last two give rise to signals based on missing trans-
verse energy and generally yield weaker bounds than the
`+`−jj channel. The signatures relevant to this work are
e+e−jj and µ+µ−jj; the chief backgrounds are Z/γ∗+
jets, top pair production followed by leptonic decay, and
diboson production. Exclusion limits at 95% C.L. on the
signal production cross-section at
√
s = 8 TeV are pro-
vided by CMS upto mLQ = 1200 GeV [10] and by AT-
LAS upto mLQ = 1300 GeV [11] using 20 fb
−1 of data.
ElectroUps with masses mLQ ≤ 1010 and mLQ ≤ 1050
GeV are excluded by CMS and ATLAS respectively.
No limits are provided for ElectroDowns, MuoUps and
MuoDowns, however the µ+µ−jj channel is used to con-
strain “second generation LQs”, i.e., LQs mediating in-
teractions between second generation quarks and leptons.
These are excluded for leptoquark masses mLQ ≤ 1080
GeV by CMS and mLQ ≤ 1000 GeV by ATLAS. Both
experiments assume that a negligible Yukawa coupling
yq`, and thus omit the t-channel mode in Fig. 5(e).
Since ATLAS enables a longer reach in mLQ (and since
CMS’ results are similar), I will use their results for
recasting purposes. First, setting yq` = 0, I compute
the mLQ-dependent LO pair production cross-sections
in MadGraph5 using CTEQ6L1 PDFs and by setting the
common renormalization and factorization scale to mLQ.
With this information one may obtain the NLO differen-
tialK-factor as a function ofmLQ, by comparing with the
NLO signal cross-section provided by ATLAS5. Next, I
5 One may also obtain this by comparing against the NLO cross-
sections for the pair production of top squarks with the rest of
the superpartners decoupled [63] .
turn on yq` and include the t-channel diagram in Fig. 5(e)
as a production mode. The NLO cross-section is com-
puted by assuming the K-factors obtained in the previ-
ous step. I then find, for various mLQ’s, the size of yq`
that saturates the ATLAS exclusion cross-section. Here
I assume that the signal acceptance is not modified by
the inclusion of the t-channel mode.
2. Single production
CMS has provided bounds on LQ couplings and masses
using processes that give `+`−j final states [12]. Signa-
tures involving missing energy were not considered. Pro-
ceeding through the Feynman diagrams in Fig. 6, these
processes are collectively called “single production”. Not
all these diagrams amount to production of LQs, though
– diagrams (a), (b) and (c) only provide a means for
achieving the `+`−j final state through LQ exchange. In
these diagrams the decay width of the leptoquark does
not appear in the amplitude, which I signify by drawing
the leptoquark lines in green. In diagrams (d) and (e)
the leptoquark is produced on-shell and its width plays
an important part; I have here shaded the leptoquark
red.
The basic event selection criteria in the CMS analysis
were these:
pT (j) > 125 GeV, |η(j)| < 2.4,
pT (`) > 45 GeV, |η(`)| < 2.1, M`` > 110 GeV,
ST ≡ pT (j1) + pT (`1) + pT (`2) > 250 GeV. (B1)
Events are picked with at least two leptons and at least
one jet satisfying the criteria in the first two lines of
Eq. B1, where M`` is the invariant mass of the lepton
pair with the highest pT . In the third line, pT (j1) is the
pT of the leading jet, and pT (`1) are pT (`2) are the pT of
the leading and second-leading leptons respectively.
The backgrounds come from the production of
Z/γ∗/W + jets, t-t¯, t + X, diboson + jets, and QCD jets
with some jets misidentified as leptons. To discriminate
the signal from these backgrounds, a “resonant selection”
criterion was imposed on the events in order to favour the
`+`−j production modes through on-shell LQs (Figs. 6
(d) and (e)). This criterion is
M`j > f ×mLQ, ST > S0T (mLQ), (B2)
where M`j is the lepton-jet invariant mass. The constant
f was chosen as 0.75 (0.67) for the eej (µµj) channel.
The threshold values S0T were optimized for various mLQ
in either channel, and are provided in Tables B.1 and B.2
of [12]. The observed limits on signal cross-sections (at
95% C.L.) after applying the criteria of Eqs. B1 and B2
are then derived as a function of mLQ and provided in
these tables.
To recast this search, I followed the procedure in [12]
(with some differences that I will discuss shortly). First
I generated the process pp→ `+`−j in MadGraph5 using
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CTEQ6L1 PDFs. I chose the common renormalization
and factorization scale as mLQ. I set the decay width of
the LQs (see [64]) as
ΓLQ =
y2q`
16pi2
mLQ . (B3)
Then I applied the selection criteria of Eqs. B1 and B2
and obtained the signal cross-section. For a given mLQ, I
varied yq` until the exclusion cross-section in Tables B.1
and B.2 of [12] was matched.
In [12], CMS provides a coupling vs. mass bound on
“first generation” LQs, choosing an LQ species that cou-
ples an up quark with an electron. The careful reader will
notice a 20-25% discrepancy between this bound and that
provided in Fig. 7 for an ElectroUp: my bound is some-
what looser. In light of this, it is worth one’s while to
peer closer at the differences in the analyses performed
by CMS and I.
• The LQ species used in [12] is S1 (see [30]) with
electric charge 1/3. This LQ violates B and L.
The relevant interaction is yq`Cu¯S1PR`. The LQ
species I use are R2 and R˜2 with electric charge 5/3
and 2/3 respectively, and they conserve B and L.
The relevant interactions are in Eqs. 4 and 5.
• The effect of the decay width (Eq. B3) is not men-
tioned in [12].
• `+`−j production modes involving the diagrams in
Figs. 6 (a) and (b) were not mentioned in [12].
• A minor difference. The mention of renormaliza-
tion and factorization scale used is omitted in [12].
However, in private correspondence with CMS I
was informed that this scale was set to mLQ.
These differences may adequately explain the discrep-
ancy between CMS and this work. A thorougher inves-
tigation is outside my scope. I should like to emphasize
here that even if I had presented the bounds provided by
CMS, they would be weaker than the Drell-Yan limits in
the region not excluded by pair production.
3. Atomic parity violation
The 1997 measurement of parity non-conservation at
low energies by Wood, et al [49] in cesium-133 with an
experimental error of 0.35% is the state of the art. From
this measurement was extracted the nuclear weak charge
[65]:
QexptW (Cs) = −72.58± 0.43,
QSMW (Cs) = −73.23± 0.20, (B4)
which amounts to a 1.5σ deviation from the SM. The
Wood, et al measurement is a stringent test of new
sources of atomic parity violation (APV) beyond the
SM. One understands this from the following effective
Lagrangian below the EW scale [64]:
LAPV = GF√
2
e¯γµγ5e[C1uu¯γµu+ C1dd¯γµd] . (B5)
In terms of the Wilson co-efficients, atomic number Z
and number of neutrons N , the nuclear weak charge is
given by
QW (Z,N) = −2[(2Z +N)C1u + (Z + 2N)C1d] . (B6)
The SM contributions to the co-efficients come from
Z exchange: CSM1u = −1/2 + 4/3s2W and CSM1d = 1/2 −
2/3s2W . If one assumes the co-efficients receive some con-
tribution from new physics such that C1q = C
SM
1q + δC1q,
then from Eq. B6 the new contribution to QW is
δQW (Z,N) = −2[(2Z+N)δC1u+(Z+2N)δC1d] . (B7)
Now leptoquark propagation gives a contribution to
the coefficients given by
δC1(u/d) =
√
2
GF
|y(u/d)e|2
8m2LQ
. (B8)
Hence departures from the measured QW brought about
by LQs can be translated to limits on LQ parameters.
It was found that requiring no more than a 2σ deviation
from the measured value gives [64]
|yue| ≤ 0.27
( mLQ
1 TeV
)
,
|yde| ≤ 0.26
( mLQ
1 TeV
)
. (B9)
4. Muon anomalous magnetic moment
There is an enduring 3σ discrepancy between the value
of aµ ≡ (g − 2)µ/2 measured by the E821 experiment at
BNL and its SM prediction [57]. Loops involving LQs
can modify the theoretical prediction; their contribution
can be calculated using the formulae in [30]. When ap-
plied to MuoQuarks, I find that the discrepancy is further
widened. For a MuoDown, the contribution is negligible
due to an accidental cancellation in the loop functions.
For a MuoUp, demanding that the discrepancy be no larger
than 5σ yields constraints that lie well outside the range
of parameters presented in this work. More precisely,
requiring yuµ ≤ 2 gives mLQ ≥ 350 GeV, a very weak
constraint compared to the other bounds here.
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